We propose a multistep procedure for Ge dot growth on Si (1 0 0) substrates. This procedure includes (i) submonolayer C deposition on a Ge wetting layer or a Ge surface, (ii) Ge deposition at low temperature and (iii) postannealing after Ge and C deposition for controlling size, structure and density of the Ge dots. The main effect of C on Ge wetting layer was to enhance a structure transition of the Ge dot. Meanwhile, C on the Ge surface was found to suppress a structure modification of the Ge dots against post-annealing. The structure of Ge layers deposited at low temperature was readily modified upon post-annealing. By combining these procedures and optimizing experimental conditions, 10 nm-sized Ge dots with a high number density in the order of 10 11 cm À2 were successfully grown on the Si (1 0 0) substrate. r
Introduction
Nanometer-scaled materials have attracted much attention because of their outstanding properties based on quantum-size effects. A selfassembly process has been applied to fabricate such nanoscaled materials. The initial stage of thin film growth is utilized to form a three-dimensional (3D) structure for quantum dots, which is wellknown as Stranski-Krastanov (SK) growth mode. Then, the elastic energy caused by the lattice mismatch between the substrates and the films is a driving force for the 3D growth. In particular, the Si-Ge system, which includes 4% lattice mismatch, has been intensively studied from the viewpoint of both fundamental and applied science [1] [2] [3] . The Ge growth on the Si substrate shows typical SK mode, i.e., the 3D dot growth subsequent to a 2D wetting layer growth. However, the Ge dot on Si shows a quite complex aspect. Various structures, which are so-called hut, *Corresponding author. Tel.: +81-52-736-6011; fax: +81-52-736-6012.
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pyramid and dome structures, are grown at the same time [4, 5] . Understanding this complicated growth mechanism is one of the most important issues [6, 7] , whereas the details are still unclear at the moment.
Each Ge dot structure has both advantages and disadvantages with respect to the quantum dots. For example, the hut structure has a few nanometer heights, which is available to achieve a carrier confinement effect. However, the lateral size is widely distributed and uncontrollable. On the contrary, the dome structure shows quite high size uniformity, but its size is too large for the quantum dots. The size is more than 100 nm in diameter [8] . The pyramid structure is formed at somewhat higher temperature than that of the hut structure. The temperature range for the pyramid growth is limited. As a result, the pyramid structure coexists with other structures. Therefore, to establish a new technique to control the Ge dot structures, including shape, density, size and size uniformity as well, is an indispensable task to attain the quantum dot formation in the Ge-Si system.
Recently, Schmidt and co-workers [9] [10] [11] dealt with this difficult problem. Very small Ge domes with 10-20 nm in diameter was successfully formed by depositing a sub-monolayer C on the Si substrate. They have intensively investigated photoluminescence properties of thus prepared C-induced Ge dots. After their report, C has been recognized as an essential material for controlling Ge dot structure on nanometer scale [12, 13] . However, further investigation is still required for detailed understanding of the C effect to develop the Ge dot growth technique.
On the basis of these backgrounds, we have investigated new methods for controlling the Ge dot growth. The main purpose of this article is to discuss the growth processes, in particular Crelated growth processes, of Ge dots in detail. Additionally, we inquired into new techniques to design 10 nm-sized Ge dots with high number density. For this purpose, we took multistep procedures: sub-monolayer C deposition (i) on the Ge wetting layer, (ii) on the Ge surface, (iii) Ge deposition at low temperature and (iv) postannealing after Ge and C deposition.
First of all, we examined the effect of each procedure. The pure Ge layers deposited on the Si substrates were annealed to study the postannealing effect on the Ge dot structure, which are denoted as samples-I. The Ge layers, in particular deposited at low temperature, showed drastic structure change upon post-annealing. Next, in order to obtain more insight of the C influence on the Ge dot structure, sub-monolayers C were deposited on the Ge wetting layers or on the Ge surface, those are denoted as samples-II and III, respectively. As a result, The submonolayers C were found to have distinct effects on the Ge dot structure. The C layer on the Ge wetting layer enhanced dome structure formation instead of the hut structure even at relatively low substrate temperature. On the other hand, the C layer on the Ge surface suppressed the structure modification upon post-annealing. Based on these experimental results, we examined combinations of each procedure that provided us with various recipes to prepare the Ge dots on the Si substrate.
Experimental conditions
Boron doped p-type Si (1 0 0) wafers were used for the substrates. After chemical cleaning, the Si (1 0 0) substrates were introduced into an ultra high vacuum (UHV) chamber with a background pressure of 1 Â 10 À10 Torr. Then, the temperature of the substrates increased up to 8301C and was kept at that temperature for 20 min to remove oxide layers. A well-defined (2 Â 1) pattern of reflection high-energy electron diffraction (RHEED) was observed after heat-treatment, which indicated a flat and clean surface of the Si substrate.
Si and Ge were deposited by a solid source molecular beam epitaxy machine (Riber Siva 45) equipped with electron-beam evaporators. The deposition of C was carried out through sublimation from a heated C filament. Typical deposition rates of Si, Ge and C were 0.1, 0.05 and 6.4 Â 10 À5 ( A A/s, respectively. The Si buffer layer with 10 nm in thickness was deposited at 4501C.
We prepared three different groups of samples, which are denoted as samples-I, II and III.
Samples-I were pure Ge layers with 6 ( A A nominal thickness deposited on Si (1 0 0). The C layer was not deposited for these specimens. Thermal annealing was carried out in UHV immediately after Ge deposition to examine the post-annealing effect.
For samples-II, the Ge layers with 4 ( A A thickness were deposited on Si for the wetting layers at the beginning. Subsequently, the C layers, of which thickness was ranging from 0.01 monolayer (ML) to 0.10 ML, were deposited on the wetting layer. Finally, Ge top layers were deposited. The thickness of the Ge top layer was 2 ( A A, that is, the total thickness of Ge was fixed to 6 ( A A. For samples-III, the Ge layers with 6 ( A A in thickness were deposited on Si (1 0 0) first of all. Then, the sub-monolayers C were deposited on top of the Ge surface. The thickness of the C top layers was ranging from 0.05 to 0.15 ML. The postannealing was carried out for all samples-III immediately after C deposition in the UHV.
Morphology of the samples was monitored by RHEED during the deposition. Structures of the samples thus prepared were examined by tappingmode atomic force microscopy (AFM) and highresolution transmission electron microscopy (TEM).
Results and discussion

Structure transition upon post-annealing
First of all, pure Ge layers with 6 ( A A thickness were deposited and were post-annealed in order to examine the post-annealing effect on the Ge dot structure. Fig. 1 shows AFM images of the Ge dots on the Si substrates deposited at (a) 5001C and followed by post-annealing at (b) 5401C, (c) 5501C and (c) 5601C, respectively. The temperature of the substrates was raised up to each postannealing temperature immediately after deposition and was kept at those temperatures for 5 min. Then, the samples were cooled down. All AFM images were obtained at room temperature.
In Fig. 1(a) , the as-deposited Ge dots show the typical hut structure; rectangular with edges along the [0 0 1] orientation. The hut structure was stable upon post-annealing up to 5401C for 5 min and was maintained their shape as can be seen in Fig. 1(b) . However, the Ge dot structure was abruptly changed to domes with round shape and pyramids with square bases by post-annealing above 5501C. This structure transition can be seen in Figs. 1(c) and (d). Namely, the Ge dots structure was drastically changed through postannealing within a quite narrow temperature range of 540-5601C.
The size of domes and pyramids is strongly dependent on the post-annealing temperature. In a broad way, the Ge dots of 5601C have 20% larger diameter of domes and 50% larger square base of pyramids than those of 5501C. On the other hand, the number density of the Ge dots decreases with increasing post-annealing temperature. Particularly, few Ge pyramids were observed around the large Ge domes as indicated by a circle in Fig. 1 
(d).
That is, the structure modification occurred through Ostwald ripening during post-annealing.
These results suggest that control of the Ge dot structures, including their size, shape and number density, is quite difficult only by post-annealing. Similar difficulty in controlling Ge dot structures was observed when the substrate temperature is changed during the Ge deposition [5, 14] .
Next, we deposited Ge layers at relatively low temperature and inquired into their structure stability upon thermal annealing. Fig. 2 shows AFM images of the Ge dots on the Si substrate deposited at 3501C. An as-deposited Ge is shown in Fig. 2(a) . Here, a slight undulation with 50 nm in diameter and 1-2 nm in height was observed. In general, the SK growth of the Ge dots can be observed at the temperature range of around 450-6501C. Meanwhile, the structure of the Ge layer on Si gradually transits from 3D to 2D as substrate temperature decreases [15] [16] [17] . Such structure is formed through the step-flow mechanism at low temperature range [18] . Roughly speaking, the structure of 3501C sample can be regarded as twodimensional from the viewpoint of their high aspect ratio. Fig. 2 (b) shows Ge post-annealed at 3901C subsequent to 3501C deposition. Post-annealing even at 3901C caused extreme structural change as can be seen in Fig. 2(b) . Very large Ge islands without any facets and orientations were formed. These are considered to be formed through agglomeration of surface diffusing Ge atoms during post-annealing. This result indicates that the Ge deposited at 3501C is quite unstable upon thermal annealing compared with that deposited at 5001C.
As mentioned above, the driving force of 3D growth in SK mode is an elastic energy caused by the lattice mismatch between substrates and deposited materials. The lattice of the 3D Ge dots is persistently coherent to that of the Si substrate to minimize the total energy at the expense of the surface energy. In this case, the 3D dots as well as the 2D wetting layers grow without any defects. We consider that such a highly strained but defectfree structure is the reason for the Ge huts grown at 5001C to be relatively stable against postannealing up to 5401C.
On the other hand, the lattice of the Ge films formed at low temperature is elastically relaxed by introducing some defects, such as point defects in . The annealing condition of 5401C for 5 min was insufficient to give rise to the structure transition, meanwhile the Ge dot structure started to transform to domes and pyramids above 5501C. At higher temperature, few dots were observed around domes as indicated by a circle in Fig. 1(d) , suggesting that the structure transition occurred through Ostwald ripening.
the Ge layer [19] . We suppose that such relaxed structure with the defects is responsible to the instability of the Ge layer and allows the Ge layers to reconstruct drastically upon post-annealing even at 3901C.
Sub-monolayer C on Ge wetting layer
As described in the previous section, the Ge dot structure control on nanometer scale cannot be achieved only through post-annealing. In order to overcome this difficulties, the sub-monolayer C were deposited on the Ge wetting layer. Fig. 3 shows AFM images of the Ge dots with the C layers on the wetting layers. Both Ge and C were deposited at 5001C. The mean thickness of C layers were (a) 0.01 ML, (b) 0.03 ML and (c) 0.05 ML, respectively. The setup of the samples-II was schematically illustrated in this figure. The Ge dots with 0.01 ML C on the wetting layer still indicate the hut structure as shown in Fig. 3(a) , whereas the average length of each hut became short. Meanwhile, the structure of the Ge dots gradually transformed from huts to domes with increasing thickness of the C layer as can be seen in Figs. 3(b) and (c). Note that, the size of the domes is quite uniform, 40 nm in diameter and 5 nm in height on average, and is independent of the thickness of C layer. Therefore, the essential effect of C on the wetting layer is to enhance the structure transition of the Ge dots from hut to dome. Fig. 4 shows AFM images of other types of samples-II, in which the Ge top layers were deposited at different temperature. The substrate temperature for the wetting layers and the C layers deposition was fixed at 5001C. The Ge top layers with 2 ( A A nominal thickness were deposited at (a) 4001C, (b) 4501C and (c) 5001C, respectively. The C layer thickness was 0.10 ML for all samples.
The dome structure was observed even below 4501C due to the C layer effect as shown in Figs. 4(a) and (b), although only hut structure was formed below 5001C for the pure Ge. A TEM image of a typical dome structure is shown inset. The diameter of which is about 15 nm. The size of the Ge dot decreased and the number density increased as the temperature for the Ge top layer decreased. As mentioned above, the C layer has influence on the Ge dot structure but not on the dot size. On the other hand, the size and density of the Ge dot is mainly determined by the substrate temperature for the top layer deposition when the thickness of the C layer is kept constant.
For these samples, the wetting layers deposited at 5001C provide a strain field to initiate subsequent 3D growth. Then, the C layers enhance the dome formation. The low temperature for the top layer deposition leads to the dome size reduction and to the increase in the number density. In Fig. 4(a) , the size and density of Ge dot were 5-20 nm and 1 Â 10 11 cm À2 , respectively. Consequently, the three-step procedure: the Ge wetting layer at 5001C, the sub-monolayer C at 5001C and the Ge top layer at low temperature, is an effective technique to form small Ge dot with high density. However, the size uniformity is not satisfactory. In Fig. 4(b) , some dots show round shape with homogeneous size, which is dome structure. Meanwhile, many other dots, which have relatively small size, show irregular shape. For these dots, no specific facets were observed. The detail concerning Ge dot structure for these samples were discussed elsewhere [20] .
For further improvement of the Ge dot size and their uniformity, we examined a four-step procedure: (i) Ge wetting layer at 5001C, (ii) submonolayer C at 5001C, (iii) Ge top layer at 3501C and (iv) post-annealing at 3901C. Here, we applied the structure instability of the low-temperature deposited Ge layers. Fig. 5 shows AFM images of samples-II prepared by four-step procedure, of which C thicknesses were (b) 0.05 ML and (c) 0.10 ML, respectively. A sample without C layer was shown in Fig. 5(a) for comparison.
For the sample without C, the surface was flat and no distinct 3D structure was observed as shown in Fig. 5(a) . Three-dimensional islanding gradually started with increasing thickness of the C layers as can be seen in Figs. 5(b) and (c). In particular, Ge dots with 10-20 nm in size were homogeneously distributed on the Si substrate in the case of 0.10 ML C as shown in Fig. 5(c) .
Whereas, the C layer with 0.05 ML in thickness was insufficient for uniform distribution of Ge dots.
Here, the Ge wetting layer deposited at 5001C is stable against post-annealing at 3901C as demonstrated in Fig. 1 . It contains a lattice strain, which trigger 3D growth for the Ge top layer. However, the Ge top layers don't form the 3D dots because of the low deposition temperature. The postannealing has the effect on reconstruction for such low temperature deposited layers. Therefore, only A A thickness and the sub-monolayer C with 0.1 ML thickness were deposited at 5001C. A TEM image of a typical dome structure with 15 nm in diameter is shown in Fig. 4(b) . The sample setup is also illustrated.
(
A A Ge of the top layers contributed to form 3D dots in these samples and, as a result, the large island observed in Fig. 2(b) was not formed. Then, the strain field in the wetting layer and the C layers on the wetting layers as well promoted to 3D islanding. Now, the question is why such a small amount of C can affect on the Ge dots structure modification. In order to explain the role of the C layer, it is essential to understand the reason for coexistence of some distinct Ge dots, i.e., hut, pyramid and dome. Medeiros-Ribeiro et al. [6] discussed the structure transition of the Ge dots by taking account of some parameters concerning configuration energies, such as a bulk strain, facet and interface energies and interaction among the facet edges. And they explained that both hut and dome are metastable structures and those configuration energies have minimum values. A certain activation energy is required to bring about the structure transition. In their article, medium sizes Ge dots that indicated multi-faceted surface were observed. They attributed these dots to the intermediate structure between hut and dome which were formed only on the way of structure transition.
We suppose that the C layers affect on the configuration energies, which determine the Ge dots structures. Particularly, the C layer is considered to influence on the interface energy between the wetting layer and the top layer of Ge. These are different materials with respect to strain energy because an extent of strains and their distribution is different. The C atoms at the wetting layer/dot interface form the Ge-C bond and induce the lattice strain. Then, the C atoms may change the stability of the hut structure and the energy barrier between hut and dome, resulting in the enhancement of dome formation even at low temperature.
The C-induced Ge dots have been reported by Schmidt et al. [9] [10] [11] and Leifeld et al. [11, 12] . In their investigations, the sub-monolayer C was deposited directly on the Si surface. Then, C atoms readily diffused into Si substrate to form a Si-C alloy layer and to make the surface rough. The surface roughness, as a result, resulted in a reduction of the surface diffusibility of the Ge adatoms and in an increase in the nucleation probability. For this reason, growth of the Ge dots with small size and high density was achieved. On the contrary, the alloying between C atoms and Ge is negligible in our experiments because the amount of deposited C is quite smaller than those in Ref. [9] [10] [11] [12] . Actually, a clear streak pattern of RHEED was observed even after C layer deposition on the Ge wetting layer as an evidence of the flat surface. Consequently, the surface roughness has no influence on the diffusibility of Ge adatoms, although the C layer may contribute to alter the surface energy of the Ge wetting layer [21] .
Sub-monolayer C on Ge surface
We examined the effect of sub-monolayer C, which were deposited on the Ge surface. Fig. 6 shows the AFM images of samples-III. The samples were prepared through a three-step procedure: (i) 6 ( A A Ge layer at 5001C, (ii) C top layers with different thickness at 5001C and (iii) post-annealing at 5501C. The nominal thickness of the C top layer were (a) 0.15 ML, (b) 0.10 ML and (c) 0.05 ML, respectively.
In Fig. 6(a) , log narrow Ge islands are observed. The edges are along the [0 0 1] direction. Thus, these are regarded as the hut structure, while the Ge islands show no clear rectangular shape that were observed in the as-deposited hut structure shown in Fig. 1(a) . As shown in Fig. 1(c) , the all Ge huts were transited to domes and pyramids after post-annealing at 5501C for the pure Ge. On the contrary, the hut structure is dominant in Fig. 6(a) even after the same post-annealing. Namely, the structure transition from hut to dome was suppressed by the C top layer on the Ge surface.
The structure of the Ge dots gradually changed to round shape with decreasing thickness of the C top layer as can be seen in Figs. 6(b) and (c). Furthermore, a careful observation in an enlarged AFM image of 0.10 ML sample, shown in Fig. 7(a) , revealed that some Ge dots had elongated structure like the hut structure as indicated by arrows. A cross-sectional TEM image of such an elongated dot is shown in Fig. 7(b) . The ratio between the diameter and the height of the Ge dot in this image is about 10 : 1, which is a typical value of the hut structure. Many of the dots, however, indicate an irregular shape; they don't have clear round shape of the domes, square bases of the pyramids or rectangular of the huts. Meanwhile, relatively large islands with about 60 nm in diameter, which are indicated by arrows in this image, are observed in Fig. 6(c) . These islands are the dome structures. These results imply that the structure transition through post-annealing took place step-by-step and the Ge dot structure can be controlled by changing the thickness of the C top layers. The irregular structure observed in Fig. 6(b) is considered to be the intermediate structure between huts and domes, which are formed on the way of structure transition. This process is schematically illustrated in Fig. 8 .
Here, it should be mentioned that small Ge dots with 10-20 nm in diameter were formed on the way of structure transition as shown in Fig. 6(b) . Furthermore, the Ge dots were found to have high number density of 1 Â 10 11 cm À2 . Consequently, the Ge dots thus prepared have a possibility for the quantum dots, whereas the size uniformity can stand further improvement.
It is worth emphasizing that the sub-monolayers C indicate quite distinct effects on the Ge dot structures. Namely, the C layers on the Ge wetting layer enhance the structure transition leading to dome formation even at low temperature. By contrast, those on the Ge surface suppress the structure transition upon thermal annealing. Latter effect is also considered to be relevant to the configuration energy of Ge dots. We deduced a possible model as follows. Strain fields on the Ge surface are inhomogeneous; the lattice strains on the top of the huts are relaxed and those around the edges of huts are compressive [22, 23] . Therefore, the C atoms deposited on the Ge surface tend to agglomerate around the edges to accommodate the lattice strains. The elastic energy is compensated in this way particularly around the edges. The dot structure is stabilized upon thermal annealing and, as a result, the rearrangement of the Ge dot structure was suppressed. An extent of the strain compensation is dependent on the amount of the C atoms and can be precisely Fig. 6 . AFM images of Ge dots with C top layers. Ge and C were deposited at 5001C and followed by post-annealing at 5501C. The mean thickness of the C top layers are (a) 0.15 ML, (b) 0.10 ML and (c) 0.05 ML. The sample setup is also illustrated. Elongated structure with the [0 0 1] direction was observed in Fig. 6(a) , while the Ge dots tend to form round structure with decreasing C layer thickness. Some Ge dots showed dome structure as indicated by arrows in Fig. 6(c) . These results indicate that the C top layer suppress the structure transition upon thermal annealing. Cross-sectional TEM image of an elongated dot. The aspect ratio between the diameter and the height is about 10 : 1, which is the typical value of the hut structure. Fig. 8 . Schematic illustration of structure transition upon post-annealing. The hut structure of pure Ge formed at 5001C rapidly transits to pyramids and domes upon 5501C post-annealing. The C top layers suppress the structure transition and enable a gradual control of the Ge dot structure. On the way of the structure transition, intermediate structure between huts and domes are observed. Fig. 9(b) . 10 nm-sized Ge dots with high density and high size uniformity were formed. modified by changing thickness of the C top layers. Thus, the C layers on the Ge surface made it possible the gradual structure transition. The irregular structure observed in Fig. 7(a) can be ascribed to the intermediate structure between huts and domes, which are hardly observed in the pure Ge films because the structure transition occurs abruptly.
On the basis of these experimental results, we combined two effects; the C layer on the Ge surface and low-temperature deposition with postannealing. Fig. 9 shows the AFM images of another type of samples-III. For these samples, both of the Ge layers and the C top layers were deposited at 3501C. The mean thickness of the C top layers were (a) 0.10 ML, (b) 0.075 ML and (c) 0.05 ML, respectively. Post-annealing was carried out at 4501C immediately after deposition. These images show the similar tendency of Fig. 6 , i.e., the C top layers prevent the structure transition upon thermal annealing. For the case of pure Ge films deposited at 3501C, the structure transition was drastically occurred from the 2D film to the huge islands as shown in Fig. 2 . However, only 0.10 ML of C layer on the Ge surface resulted in the high stability against post-annealing. As shown in Fig. 9(a) , the Ge layer remained two-dimensional even after 4501C post-annealing, while the fine roughness was observed. On the other hand, 0.05 ML of C was insufficient to suppress the structure transition. In Fig. 9(c) , the large Ge islands were observed in a similar manner of the pure Ge shown in Fig. 2(b) .
In Fig. 9(b) , small Ge dots were formed as an intermediate between the 2D films and the large 3D islands. The Ge dots thus prepared have the highest number density of 2 Â 10 11 cm À2 among the samples described here. An enlarged image is shown in Fig. 9(d) . The diameter of the Ge dots thus formed is about 10 nm on average. Moreover, the size uniformity was obviously improved compared with that of Fig. 7(a) . These results suggest that a three-step procedure: (i) low temperature Ge deposition, (ii) C top layer and (iii) post-annealing is a promising technique for 10 nm-sized quantum dot formation.
The effect of the C top layers for the low temperature deposited Ge is probably different from that discussed above. The elastic energy is released by introducing some defects in the as-deposited Ge layers. This is the reason for the Ge layers to have two-dimensional structure. Therefore, the C atoms are considered to distribute homogeneously on the Ge surface. In the meantime, 3D islanding are induced via postannealing. Then, the C atoms may act as nucleation sites for the Ge dot formation. Another possibility is as follows. The strain fields are induced around the Ge dots as the structure is rearranged to 3D during the post-annealing. Then, the C atoms redistribute around the Ge dots to compensate the lattice strains and prevent abrupt structure modification. Further experiments, in particular for C atoms distribution on Ge, are required to understand the C effect on the Ge dot structure in more detail.
Summary
We investigated the Ge dots formation process through multistep procedure, which were lowtemperature deposition of Ge, post-annealing, sub-monolayer C deposition on the Ge wetting layer and on the Ge top layer surface. The C layers on the Ge wetting layers were found to enhance the Ge dot structure transition from hut to dome. As a result, small Ge domes were formed even below 5001C. On the contrary, the C layers on the Ge surface were effective to suppress the structure transition of the Ge dots upon post-annealing. The structure of Ge layers deposited at low temperature was readily modified by post-annealing. By combining these phenomena and optimizing experimental conditions, including Ge deposition temperature, the thickness of the C layers and post-annealing temperature, the 10 nm-sized Ge dots growth with high density of 2 Â 10 11 cm À2 and with high size uniformity was achieved on the Si substrate. In the conventional self-assemble process, gas-phase atoms are supplied on the substrate directly to form solid-state islands. High mobility of gas-phase atoms makes it difficult to control the dot size and density. On the other hand, the multistep procedure described here utilized a kind of solid-state reaction, which open another approach to control more precisely the size and structure of nanoscale crystalline dots.
